We tested how the conditions resulting from alternative management strategies addressed to mitigate abiotic and biotic limitations to plant establishment affect the performance of planted Quercus coccifera seedlings. This species is a xerophytic and heliophillous Mediterranean shrub, of interest for the restoration of abandoned farmland. We hypothesised that release from herb competition by clipping would allow Q. coccifera seedlings to cope more efficiently with water shortage by adjusting their mass allocation pattern. We established three environments of herb competition: absence of competition (AC), reduced competition by clipping (RC), and total competition (TC); and applied two irrigation treatments: low and high irrigation. We measured soil moisture at different depths, above-and below-ground herb biomass, and evaluated seedling responses, such as mortality, growth, biomass allocation, and morphological and physiological features. The TC treatment reduced water availability more than the RC treatment, in agreement with the highest water stress of seedlings under TC conditions. Irrigation increased above-and below-ground herb biomass, whereas clipping reduced herb production. Release of herb competition by clipping increased seedling survivorship by one order of magnitude and resulted in a growth rate comparable to the absence of competition. This growth was mostly related to carbon gain allocated to roots. The competition intensity imposed by treatments was related to a parallel reduction in total plant leaf area, biomass allocated to leaves and shoot:root ratio, and an increase in biomass allocated to roots and leaf mass area. The negative effects of herbs on Q. coccifera seedlings seem the result of competition for both water and light, in contrast with previous research with more mesic Quercus species, for which competition is primarily for water. Clipping of herbs is a feasible technique that greatly improved seedling performance, and thus a valuable alternative to herbicide application, common in native plantations aimed at restoring Mediterranean farmland.
have important economic consequences because large amounts of public and private funds are invested in cropland reforestation (Rey Benayas et al. 2007 , 2008 .
In abandoned Mediterranean croplands, the survival and growth of woody plants are limited by high radiation and low water availability during summer, and by herbs which are strong competitors for resources, particularly water year round (Canham et al. 1996 , Rousset and Lepart 2000 , Rey Benayas et al. 2005 . Herbs can deplete both below-(water and nutrients) and above-ground (light) resources faster than woody seedlings during their peak of growth because they allocate a larger proportion of biomass to productive tissues (Hunt and Cornelissen 1997) . Acclimation to water shortage takes place mainly through a decrease in the shoot:root ratio (Joffre et al. 2001 ) and the exposed leaf area (Rambal and Leterme 1987 , Sala et al. 1994 , Castro-Díez et al. 1997 , Valladares and Pugnaire 1999 . In contrast, acclimation to low light availability occurs via reverse trends (Balaguer et al. 2001 ). Thus, it seems difficult to respond to both types of shortage efficiently (Valladares 2001) .
Low water availability can be ameliorated by irrigation, a practice that also benefits herbs (Rey Benayas et al. 2002) . Herb competition is usually mitigated by herbicides (Peñuelas et al. 1996 , Sternberg et al. 2001 , but this practice also eliminates the potential benefits of herbs for woody seedlings such as reduction of photo-inhibition damage and to soils, e.g. carbon enrichment and erosion control, and may contaminate soil and water.
We hypothesized that clipping the aboveground portion of weedy herbs could enhance the performance of transplanted woody seedlings by increasing soil water availability. Additionally, by reducing the shade imposed by tall herbs, shrub seedlings will cope more efficiently with water shortage by adjusting their mass allocation pattern appropriately. We also hypothesized that herb competition will be more critical for woody seedling establishment than irrigation because the positive effects of irrigation on shrubs may be cancelled out, at least partially, by an increase in competition with herbs. To test these hypotheses, woody seedlings were planted under three levels of weed competition: 1) absence of competition where no herbs were planted designed to mimic herbicide application, 2) reduced competition by repeated clipping of the aboveground biomass, and 3) total competition where no management intervention was used. Each of these treatments were tested under two water regimes (low and high). If seedlings under reduced competition by clipping perform satisfactorily when compared to those under total competition, mowing of herbaceous vegetation may be an environmentally-friendly alternative to herbicides. If irrigation favours herb competition, then it may not pay to apply this technique unless seedlings are growing in an environment with released competition from herbs.
Our aim was to investigate alternative management to mitigate abiotic and biotic limitations for establishment in dry environments of planted Quercus coccifera L. seedlings. We assessed the response of seedlings to the interactive effects of different levels of herb competition and water availability. We expect that our experimental results will provide evidence of mechanistic responses of seedlings to limiting factors, and a baseline for management in restoration projects.
Quercus coccifera is a heliophyllous evergreen shrub 2-3 m tall, growing in sites with low precipitation, high sun radiation, and soils with little water holding capacity (Paraskevopoulos et al. 1994 , Rambal et al. 1996 , Laaidi 1997 . It is an important species for re-vegetation because it is a major structural component of the native plant communities thriving in large areas of the Mediterranean basin.
Methods

Study site
The study was conducted at the Juan Carlos I Botanical Garden, in Alcalá de Henares University, central Spain (40°35´N, 3°25´W). In the area, mean annual temperature is 13.5°C and annual precipitation averages 450 mm, with a pronounced summer drought. Total precipitation during the experiment (February to October -end of the growing season, 2000) was 266.2 mm, and temperature averaged 17.4°C.
Experimental design
One-year old Q. coccifera seedlings were grown in 20 cm deep containers under homogenous nursery conditions of frequent watering and high fertilization. They averaged 22.6 ± 6.04 cm in height and 4.17 ± 0.85 mm in diameter. In early February 2000, sixty seedlings were individually planted in polyethylene containers (40 cm diameter and 80 cm deep) filled with the local haploxeralf soil according to the Soil Taxonomy System (USDA 1995). Texture characteristics are the following: coarse sand = 5.4%, fine sand = 39.3%, silt = 37.6% and clay = 17.8% (soil texture class is clayey loam). Soil completely filled the containers. The upper soil layer (4-5 cm) was rejected to avoid the natural herb seed bank. Seedlings were planted with their plugs. All containers were left outdoors and exposed to full sunshine. We added 3 l of water per container right after plantation to eliminate soil cavities and because plantations are commonly carried out on wet soil.
The experiment consisted of six treatments that included the combination of three herb competition levels and two irrigation levels, each with 10 planted seedlings of Q. coccifera. The herb community was simulated by sowing a seed mixture that consisted of 15 g of Lolium rigidum seeds and 5 g of Medicago sativa seeds per container, in midFebruary. The seed mixture that we used ensured a strong competition effect and similar competition intensity, density, and species composition in all containers with equal treatment (Kollmann and Reiner 1996) .
The herb competition levels were 1) absence of competition (AC), 2) reduced competition by clipping (RC), and 3) total competition (TC). The seed mixture was not added to the AC treatment. Immediately after sowing, we added 1 l of water per container to foster seed germination, and another liter of water per container was added one week later. Besides irrigation right after planting and sowing, we added 0.75, 4, 0.5, and 3 l of water per container at different times during the experiment to avoid excessive soil desiccation. In the RC treatment, herbs were clipped ten times, with an average periodicity of two weeks, from early April. This clipping frequency maintained herbs at less than 8 cm aboveground, a lower height than the average height of terminal buds in the planted Q. coccifera seedlings. Repeated clipping provided minimal aboveground competition, but may also reduce below-ground competition (Briske and Anderson 1992, Taylor et al. 1997) . For the TC treatment, herbs were left to grow freely and attained an average height of 60 cm at the end of the experiment.
We applied the differential irrigation treatments after June, when the summer drought started. There were two irrigation levels: (1) low irrigation and (2) high irrigation. In the low irrigation treatment, 20 l m -2 of water were added to each container every two weeks. In the high irrigation treatment, we added 40 l m -2 every week (four times greater than the low irrigation). Based on previous experience, we did not include a control treatment in which water availability was not directly manipulated because containers create such artificially dry environments that virtually all planted seedlings would have died.
Measurements
Seedling shoot mortality was assessed before the application of irrigation and at the end of the experiment. We considered a seedling to be dead if all of its above-ground shoots were clearly dry. We are aware, though, that some of these seedlings could re-sprout later, under less stressful conditions.
For semi-destructive and destructive measurements, five randomly selected live seedlings per treatment were sampled before the application of irrigation. Before this sampling, pre-dawn (ϕ pd ) and mid-day (ϕ min ) leaf water potentials were measured with a Scholander chamber. After this procedure, harvested seedlings were taken to the laboratory and were separated into their leaf, stem, and root fractions. Total fresh leaf area was measured with a delta-T leaf area meter. Roots were gently washed and the three plant fractions were dried in an oven at 80°C for 48 h before weighing. The roots were incinerated at 550°C and the ash weight was subtracted to eliminate the weight of mineral residue. Then, we measured total biomass and the proportion of biomass allocated to leaves, stems, and roots.
We took the average of two chlorophyll-a fluorescence measures per live seedling at the end of June with a Plant Efficiency Analyser (PEA). We inferred a Performance Index (PI ABS = [F M -Fo]/ F M ), which is an overall value that combines parameters related to the photochemical efficiency of photo-system II (Strasser et al. 1996) .
For seedling growth, a reference value of initial seedling weight was obtained by weighing ten seedlings prior to the experiment and it averaged 10.63 g ± 1.87. This reference value was compared with the total biomass of sampled seedlings before irrigation.
Soil moisture was measured four times prior to the irrigation treatments (mid-March, twice in May and at the end of June) at 15, 30, and 45 cm depth using the TRI-ME-method, a specially designed TDR technique.
Clipped herbs were dried at 80°C and weighed to estimate the accumulated above-ground herb biomass from the ten clippings in the RC treatment. At the end of the experiment, the above-ground herb biomass in the TC treatment was also measured, and samples of the roots of herbs in the RC and TC containers were taken at a depth of 15, 30, and 45 cm depth using 60.8 cm 2 × 5 cm diameter cores. These samples were gently washed to separate roots from substratum, dried in an oven at 80°C for 24 h and then were incinerated before weighing.
Data analysis
Statistical analyses were based on χ 2 to test the effects of treatments on seedling mortality, and on one-, two-, or three-way fixed ANOVA to test treatment effects (competition and irrigation) and soil depth on the rest of the data. Because five seedlings per competition treatment were sacrificed before irrigation and seedling mortality during the irrigation treatment was very high (below), the resulting experimental design was highly unbalanced with very little statistical power. Thus, we factored out the sampling period (pre-irrigation and irrigation) and most Q. coccifera response variables were analysed just for competition effects (namely water potential, biomass allocation and total biomass). At the end of the experiment we measured and analysed seedling total leaf area, leaf mass area ratio (LMA, leaf dry weight per leaf area) and biometric variables. However, these parameters will not be consider further in this study.
For testing differences in soil moisture, we performed a repeated measure ANOVA for similar period intervals before the application of irrigation, and an ANOVA for the data points taken during the irrigation treatment. A repeated measures ANOVA on the four measurements would violate the assumption of sampling equal period in-tervals. ANOVA assumptions were tested before its application, and no data transformation was needed. Tukey´s tests were used for post-hoc comparisons. We also correlated the amount of accumulated herb above-ground biomass production with soil moisture at different depths and with the average profile moisture for the RC treatment. Fluorescence was not evaluated in the TC treatment due to accidental loss of data. All statistical analyses were performed with STATISTICA ver. 6.0 (StatSoft 1984 (StatSoft -2003 .
Results
Soil moisture
Competition, soil depth, and time affected soil moisture before the application of irrigation (Table 1) . Soil moisture progressively decreased throughout the growth period in the presence of herbs. The difference between treatments with herbs (RC and TC) was usually smaller than between the AC and RC treatments (Fig. 1 ). The differences between AC and treatments with herbs increased with soil depth (Fig. 1) . For the end-of-June measurements (irrigation treatment), we also found a significant effect of competition, depth (results not shown) and irrigation (F 1, 116 = 143.1, p < 0.0001). Soil moisture was higher under high irrigation (13.35% ± 4.17) than under low irrigation (9.17% ± 3.61).
There was an overall negative relationship between the accumulated herb above-ground biomass and the average moisture across the soil profile in the RC treatment (Pearson´s r = -0.53, p = 0.11, n = 10). This relationship was dependent on soil depth, and was only observed at the 15 cm depth (Pearson´s r = -0.64, p = 0.047, n = 10) and not at the 45 cm depth (Pearson´s r = -0.37, p = 0.3, n = 10).
Herb production
Both clipping (F 1, 15 = 4.6, p = 0.048) and irrigation (F 1, 15 = 13.6, p = 0.0022) affected herb above-ground production, which was higher under TC and high irrigation conditions than under RC and low irrigation conditions (Fig. 2a) . Clipping marginally reduced herb root biomass (F 1, 36 = 3.85, p = 0.067) whereas high irrigation increased it (F 1, 36 = 5.2, p = 0.029) (Fig. 2b ). There were no differences in herb root biomass across the soil profile (F 2, 36 = 1.37, p = 0.26). Herb production was very variable in the TC and low irrigation treatments.
Seedling mortality
Before the application of irrigation, competition increased seedling mortality (χ 2 = 26.1, p < 0.0001, df = 2). At that time, no seedlings died in the AC treatment, while one (5%) died in the RC treatment and 12 (60%) died in the TC treatment (Fig. 3) . However, we did not find mortality to be significantly affected by competition (χ 2 = 4.0, p = 0.137, df = 2) or by irrigation (χ 2 = 0.01, p = 0.91, df = 1) after irrigation took place. At the end of the experiment, all non-sacrificed seedlings in the AC treatment were alive, while three out of 15 seedlings died in the RC treatment (one died in each irrigation treatment) and 13 out of 15 seedlings died in the TC treatment (one died under low irrigation conditions) (Fig. 3) .
Water potential and chlorophyll fluorescence
ϕ pd and ϕ min differed among competition treatments. Seedlings in the TC treatment had more negative ϕ pd and ϕ min than those in the AC and RC treatments (Fig. 4) .
The fluorescence Performance Index did not differ between the AC and RC treatments (F 1, 22 = 0.03, p = 0.86) nor between irrigation treatments (F 1, 22 = 1.72, p = 0.2).
Growth and biomass partitioning
Total seedling biomass was different among competition treatments (Table 2 ; F 2, 12 = 4.55, p = 0.033), ranking TC < RC = AC. Dry biomass of TC seedlings virtually did not increase from the beginning to the end of the experiment (see Methods for initial reference value). Mass allocated to leaves (F 2, 12 = 5.14, p = 0.024) and roots (F 2,1 2 = 4.48, p = 0.035) differed among competition treatments (Table 2 ). For leaves, it followed the rank TC < RC < AC, whereas for roots it followed the inverse rank (TC > RC > AC). Allocation to stems was not affected by competition (F 2, 12 = 0.58, p = 0.57, Table 2 ). The shoot:root ratio and total leaf area differed among competition treatments (F 2, 12 = 3.95, p = 0.048 and F 2, 12 = 11.81, p = 0.0018, respectively), and they followed the rank TC < RC < AC (Table 2 ). Mean leaf area was not affected by competition (p = 0.28) ( Table 2 ).
Discussion
We found significant effects of herb competition and irrigation on herb production, soil moisture and seedling performance, evaluated as mortality, growth, morphological, and physiological responses. Under our experimental conditions, herbs strongly competed with Q. coccifera seedlings, reducing their establishment success. Furthermore, the potentially positive effects of irrigation on seedling performance were cancelled out by enhanced competition intensity from herbs. Plant interactions are dynamic relationships and positive and negative interactions act simultaneously, the outcome depending on abiotic conditions (Berkowitz et al. 1995, Pugnaire and Luque 2001) . In fact, other studies have shown facilitation or neutral effects of herbs for the recruitment of woody species in environments under more severe abiotic conditions (e.g. less water availability and higher radiation inputs) and less herb density (Koukoura and Menke 1995 , Rejmanek and Leps 1996 , Brown and Archer 1999 , Paez and Marco 2000 , Maestre et al. 2001 .
Herb production and soil moisture
In our study, clipping reduced above-and below-ground growth of herbs, so herbs did not exhibit an efficient compensation mechanism and were not able to "escape" from this disturbance (Paige and Whitham 1987 , Briske and Anderson 1992 , Lennartsson et al. 1997 , Taylor et al. 1997 . Leriche et al. (2004) also found that total herb yield was higher in control than in clipped treatments.
The intensity of herb competition was related to the pattern of soil desiccation. This desiccation effect has been widely observed in numerous studies about the influence of herb competition on the establishment of woody seedlings (Knoop and Walker 1985 , Zutter et al. 1986 , Harrington 1991 , Rey Benayas et al. 2005 . The amount of herb above-ground biomass produced in the RC treatment was negatively correlated with soil moisture, suggesting that a greater standing crop transpired more water and hence caused a reduction in soil water availability for seedlings. As expected, herb production was higher under high irrigation conditions, hinting that this treatment increased competition intensity against Q. coccifera seedlings, and that the ability of herbs to take advantage of enhanced conditions was much higher than that of the Q. coccifera seedlings. The soil moisture profile indicated that increased transpiration from herbs outweighed the reduction in soil moisture evaporation as a result of shading by herbs (Rey Benayas et al. 2002 , 2003 , 2005 .
Moisture reduction increased throughout the growth period, when water shortage is greatest and temperatures higher. Differences in soil moisture between the RC and TC treatments were very small both one month after the beginning of the experiment, when much of this moisture might have been consumed by the germination of herb seeds and their initial growth (López-Pintor et al. 2000 , Rebollo et al. 2001 , and at the end of the experiment, when soil water was so low that it caused high herb and Q. coccifera seedling mortality.
Seedling response to herb competition and water availability
The TC treatment exhibited higher seedling mortality than the AC and RC treatments. In other words, reduction of herb competition translated into higher survival of planted Q. coccifera seedlings, primarily as a result of mortality reduction before the beginning of the severe drought season. The high mortality in this experiment relative to field conditions may be partially explained by water availability which is commonly lower in containers than in the field, and by restrictions in root growth causing much higher root to soil ratio. Irrigation treatments after the initial growth phase did not have any effects on seedling mortality, further indicating that the potential benefits of additional water for seedlings are cancelled out by its advantageous use by competing herbs. Rey Benayas et al. (2002) also found a positive effect of herb clipping on seedling survival of planted Retama sphaerocarpa (a xerophytic and helliophilous shrub) seedlings. However, in a similar ex- Fig. 3 . Percentage mortality of the planted Q. coccifera seedlings under the various experimental conditions (absence of competition, reduced competition, total competition, and low or high irrigation) at two stages of the experiment (before and after differential irrigation treatments). Notes: the percentages after the irrigation treatment exclude the sacrificed seedlings at the end of the preirrigation period; mortality was 0 in Absence of competition; during the pre-irrigation period, mortality bars are by definition identical in the "low" and "high" irrigation treatments. periment to this study, Rey Benayas et al. (2003) did not find any positive effects of clipping on the survival of Q. faginea seedlings, probably because Q. coccifera is a xerophityc shrub and Q. faginea is a mesic tree for which environmental conditions surpassed its threshold of tolerance to drought. Brown et al. (1998) imposed different levels of grass clipping intensity and did not find any effects on shrub seedling survival. Anderson et al. (2001) found that competition for water was a key mechanism in oak-understory interactions. Hill et al. (1995) pointed out that the duration of competition was more important than the initial intensity of competition in determining tree establishment. Other studies have highlighted the importance of herb clipping and herbicide treatments for the success of reforestation practices (Flemming and Wood 1996 , Peñuelas et al. 1996 , Holl 1998 , Imo and Timmer 1998 . Thus, the success of woody seedling establishment may be mainly related to water accessibility below the rooting zone of herbaceous vegetation (Henkin et al. 1998 , Rey Benayas et al. 2005 .
Repeated herb clipping reduced above-ground competition and had a slight reduction of below-ground competition, but may have facilitated shrub growth by soil nutrient release (Muller et al. 2000) . Part of the root network would have been lost after each clipping through mobilization of root carbohydrates to support above-ground regrowth and a reduced capacity of the smaller canopy to support roots. Our experiment did not address soil nutrient status relative to the treatments. However, it is likely that competition was mostly for water, because the soil was not infertile, and we consider nutrient enrichment through clipping of little importance.
The pattern of soil moisture in the competition treatments may explain, in part, the differences in ϕ found in Q. coccifera seedlings. Both ϕ pd and ϕ min of seedlings subjected to the AC and RC treatments were higher that those of seedlings in the TC treatment, where water availability was lowest. This means that clipping ameliorated water stress for seedlings. In contrast to ϕ, we did not find differences in the fluorescence Performance Index between the RC and AC treatments, most likely because the photo-systems of this species are very stable under conditions of water stress (Vilagrosa et al. 2003b ). There are consistencies in the competition treatment ranking for total plant leaf area, biomass allocated to leaves and roots, shoot:root ratio, and LMA. The competition intensity imposed by the treatments (TC>RC>AC) was linked to a parallel reduction in total plant leaf area, biomass allocated to leaves and shoot:root ratio, and an increase in biomass allocated to roots and LMA. The lower total plant leaf area and proportion of biomass allocated to leaves, and the higher LMA are well-known mechanisms to reduce transpiration and an adaptation to environments with low water availability (Castro et al. 1997) . Albeit significant, the magnitude of changes in below-ground biomass allocation was rather low (Poorter and Nagel 2000) , reflecting the substantial number of studies finding no changes in biomass allocation patterns with reductions in water availability. For instance, Sack and Grubb (2002) found that watering frequency, i.e. drought intensity, did not significantly alter biomass allocation across three irradiance treatments in seedlings of four Mediterranean species. We also expected the inverse relationship between biomass allocated to leaves and roots, which constitutes further evidence of the trade-off in the development of plant tissues aimed at capturing different limiting resources (Ksontini et al. 1998 , Tilman 1998 , Lewis and Tanner 2000 , Valladares 2001 ).
Plantation management and conclusions
We acknowledge that extrapolating the results of a container experiment to field conditions is risky. Consequently, this study may have a low predictive value for the relative importance of different mechanisms in inhibiting establishment under natural conditions. Even our low irrigation treatment was comparatively "wetter" than natural rainfall in regions where Q. coccifera dominates the native vegetation. However, the water added to the experiment was necessary to run the study due to extreme desiccating Table 2 . Values (mean±SD) of total seedling biomass in the three competition treatments before the application of the irrigation treatment; leaf, stem, and root weight ratios; shoot:root mass ratio; total leaf area; and mean leaf area. conditions. There is also ample evidence that legumes, such as Medicago sativa used in our study, may improve soil nutrient availability enhancing plant growth and eventually improve ecosystem-level productivity. As we hypothesized, release of herb competition by clipping increased seedling survivorship in one order of magnitude, and resulted in a net carbon gain comparable to the absence of competition. This carbon gain was mostly related to mass allocated to roots. Our results suggest that negative effects of herbs in the establishment of this xerophytic and heliophillous shrub are a result of competition for both water and light. Quercus coccifera seedlings were not able to cope with low light and water availability simultaneously, as indicated by a high early mortality rate in the total competition treatment. Previous research with more mesic Quercus species such as Q. ilex and Q. faginea highlighted that herb competition was primarily for water (Rey Benayas et al. 2005 ).
In agreement with our second hypothesis, reduction in herb competition was more critical than irrigation for the establishment of Q. coccifera seedlings because the possible positive effects of irrigation on shrubs were balanced out by indirect negative effects through herb growth. The high irrigation treatment increased soil moisture, but our results indicate that the water surplus was most favourable for herbs. We conclude that in order to improve the management of Q. coccifera plantations in abandoned Mediterranean cropland, planted seedlings would benefit from an environment with reduced herb competition during the rainy period before the dry season (Paez and Marco 2000) . In answer to our question, clipping of herbs around the woody seedlings is a feasible technique that would greatly improve their performance, and thus it is a valuable alternative to herbicide application. It does not pay to apply irrigation unless seedlings grow in an environment with released competition from herbs. This research is a necessary contribution to the analysis of a possible trade-off between the pursued environmental benefits and risk of soil and water pollution due to herbicide application in protocols for reforestation of Mediterranean abandoned cropland.
